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tation	 and	 speciation.	 Chromosomal	 inversions	 act	 as	 an	 important	 mechanism	
maintaining	 isolating	barriers,	yet	 their	 role	 in	sympatric	populations	and	divergence	
with	gene	flow	is	not	entirely	understood.	Here,	we	revisit	the	question	of	whether	in-








three	previously	 identified	 inversions,	 indicating	an	adaptive	barrier	 to	gene	 flow.	 In	

















constitute	 intrinsic	 postzygotic	 barriers	 to	 gene	 flow	 (through	 ge-
netic	incompatibilities),	extrinsic	postzygotic	barriers	(where	hybrids	
suffer	reduced	fitness	in	the	parental	environment),	or	act	through	
ecological	 adaptive	 barriers	 where	 sets	 of	 locally	 adaptive	 alleles	
are	 captured	 and	 protected	 against	 recombination,	 giving	 a	 selec-
tive	 advantage	 to	 the	 individuals	 carrying	 the	 rearranged	 regions	
and	 leading	 to	 their	 spread	 in	 the	 respective	 environment	 (Feder,	
Gejji,	Yeaman,	&	Nosil,	2012;	Kirkpatrick	&	Barton,	2006;	Rieseberg,	
2001).	 The	 presence	 of	 structural	 rearrangements	 can	 therefore	
promote	early	stages	of	ecological	divergence,	which	may	eventually	
lead	 to	 speciation	 (Feder,	Nosil,	Wacholder,	 et	al.,	 2014).	Although	





sister	 species	 are	more	 likely	 to	differ	 by	 chromosomal	 rearrange-
ments	than	allopatric	ones	(Castiglia,	2013;	Hooper	&	Price,	2017).
In	 the	 marine	 fish	 Atlantic	 cod	 (Gadus morhua),	 four	 large	
(5–17	Mb)	 chromosomal	 rearrangements,	 each	 possessing	 high	 in-
ternal	 linkage	disequilibrium	 (LD),	 have	been	detected	 (Berg	et	al.,	
2016;	Kirubakaran	et	al.,	2016;	Sodeland	et	al.,	2016),	which	show	
clinal	distributions	amongst	the	majority	of	populations	throughout	
the	 entire	 species	 range	 in	 the	North	Atlantic	Ocean,	 indicating	 a	
role	 in	 adaptation	 to	 local	 environments	 (Barth,	Berg,	 et	al.,	 2017;	
Berg	 et	al.,	 2016,	 2017;	 Kirubakaran	 et	al.,	 2016;	 Sodeland	 et	al.,	
2016;	Star	et	al.,	2017).	 It	 is	 likely	that	all	of	these	rearrangements	
represent	 old	 chromosomal	 inversions	 (~2	 million	 years	 based	 on	
divergence	time	estimates	of	closely	related	species	(Matschiner	et	
al.,	2015;	Kirubakaran	et	al.,	2016),	hereafter	 for	simplicity	termed	











(Berg	et	al.,	 2015),	 coastal	 environments	 (Barth,	Berg,	 et	al.,	 2017;	
Sodeland	 et	al.,	 2016),	 and	migration	 behaviour	 (Berg	 et	al.,	 2016;	
Hemmer-Hansen	et	al.,	2013;	Karlsen	et	al.,	2013;	Kirubakaran	et	al.,	










ing	season	 (causing	allopatric	 reproduction),	 as	well	 as	behavioural	
differences	 (e.g.,	 assortative	 mating)	 may	 also	 play	 a	 role	 (Coyne	







vide	 the	 first	 insights	 into	 a	 complex	 interplay	 of	 genomic	 and	behavioural	 isolating	
barriers	in	Atlantic	cod	and	establish	a	new	model	system	towards	an	understanding	of	
the	role	of	genomic	structural	variants	in	adaptation	and	diversification.
K E Y W O R D S
adaptation,	Atlantic	cod,	behavioural	traits,	chromosomal	rearrangements,	gene	flow,	
sympatric	divergence
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2016;	Espeland	et	al.,	2007;	Skjæraasen,	Meager,	Karlsen,	Hutchings,	
&	Fernö,	2011;	Villegas-Ríos,	Réale,	Freitas,	Moland,	&	Olsen,	2017)	






ulations	 characterized	 by	 homogenizing	 gene	 flow,	 here	we	 focus	









(Coyne	&	Orr,	 2004).	High	 connectivity	 through	 geographic	 over-
lap	 between	 the	 different	 cod	 types	 has	 previously	 been	 demon-


















dispersal.	 However,	 long-distance	 spawning	 migrations	 have	 also	
been	recorded	(Neat	et	al.,	2014;	Skjæraasen	et	al.,	2011).	Resident	
local	behavioural	units	with	spawning	aggregations	along	the	coast	
and	 inside	 the	 fjords,	 as	well	 as	 physical	 retention	 of	 pelagic	 eggs	
through	 a	 fjord-inward	 flow	 (Ciannelli	 et	al.,	 2010),	 may	 thus	 ex-
plain	 the	 occurrence	 of	 different	 cod	 types	 and	 the	 genetic	 struc-
turing	 documented	 in	 previous	 studies	 (Jorde,	 Knutsen,	 Espeland,	








By	 using	 whole-genome	 sequencing	 data	 of	 more	 than	 200	




acterize	potential	 barriers	 to	 gene	 flow	 in	 the	genomic	 landscape.	
Additionally,	 we	 test	 whether	 behavioural	 differences,	 potentially	
acting	as	prezygotic	barriers	to	gene	flow,	are	present	among	the	cod	
types	and	whether	these	are	correlated	with	the	inversion	states.
2  | MATERIAL S AND METHODS
2.1 | Sampling and bioinformatics
A	total	of	204	individuals	of	Atlantic	cod	(Gadus morhua)	from	seven	
sites	 were	 sampled	 (Figure	1a,	 Supporting	 Information	 Table	 S1):	
Averøya,	 North	 Atlantic	 (AVE,	 N	=	20),	 North	 Sea	 (LOW,	 N = 24; 
NOR,	N	=	24),	 Skagerrak	 Tvedestrand	 fjord	 (TVE,	N	=	70),	 and	 the	









ing	 strategy	 used.	Mapping	 and	 genotype	 calling	were	 performed	
following	the	method	described	by	Star	et	al.	(2017),	employing	the	
paleomix	version	1.5	(Schubert	et	al.,	2014)	pipeline	for	read	process-





















analyses	 (Supporting	 Information	Figure	 S1)	 but	 can	 influence	 the	
estimates	of	population	genetic	parameters	due	to	an	overall	higher	




2.2 | Population differentiation and 
phylogenetic analyses
Genome-wide	population	structure	was	inferred	by	performing	hi-
erarchical	 principal	 component	 analyses	 (PCA)	 using	 smartPCA	 in	






Maximum	 likelihood	 phylogenetic	 inference	 was	 performed	 using	











rooting	 of	 the	 snapp	 phylogeny	 (see	 below).	 The	 species	 tree	 and	
population	sizes	were	estimated	using	the	multispecies	coalescence	
approach	 in	 the	 add-on	 snapp	 version	 1.3.0	 (Bryant,	 Bouckaert,	






























Boone,	 Pouls,	&	 Smith,	 2014),	 the	 proportion	 of	 fixed	 differences	
(df;	see	Ruegg	et	al.,	2014)	and	the	nucleotide	diversity	(π).	To	detect	
divergent	 regions	 <50	kb,	we	 additionally	 ran	 bayescan	 version	2.1	
(Foll	&	Gaggiotti,	2008)	for	each	LG,	evaluating	the	population	pairs	
TVEf–TVEn,	TVEf–KIE	and	TVEn–KIE	using	default	settings,	but	ad-










for	GO	 terms	were	performed	 for	 genes	detected	 in	 comparisons	
TVEf–TVEn	and	TVEf–KIE,	 but	 not	TVEn–KIE	using	Fisher's	 exact	
test	with	the	algorithm	“weight01”	in	the	topgo	package	version	2.26	
(Alexa	&	Rahnenfuhrer,	2016)	for	r.	All	genes	located	in	the	highly	
differentiated	 region	 on	 LG16	 (see	 Results)	 were	 included	 in	 the	
GO-term	 test.	 The	 squared	 correlation	 between	 SNPs	 as	 a	meas-
ure	of	 LD	 (r2;	 using	 plink)	was	 calculated	using	 all	 204	 individuals.	
SNPs	 in	 regions	of	putative	 inversions	 (LG01:	positions	9,114,741–




regions	 using	 smartPCA.	 Bootstrapping	 (Efron,	 1979;	 sample	 size	







likelihood	phylogenetic	 inferences	were	performed	using	 raxml	 as	




were	 captured	 and	 tagged	 in	 the	 Tvedestrand	 fjord	 in	 May	

















in	 30-min	 time	 bins	 following	 Simpfendorfer,	 Heupel,	 and	Hueter	
(2002).	 Depth	 data	 time	 series	 and	 COA	 latitude/longitude	 plots	
were	used	to	identify	and	remove	all	detections	recorded	after	ces-







of	 95%	using	 all	COAs	 from	 that	month	 (fish	were	 required	 to	 be	
present	in	the	array	during	at	least	20	days	in	any	particular	month).	






outermost	 receivers	 followed	by	an	absence	of	detections	 for	 the	
rest	of	the	study)	or	(c)	dead	within	the	study	area	(i.e.,	when	the	fish	









to	model	 selection,	 included	 fixed	 effects	 of	 season	 (S),	 inversion	





levels	 (spawning	and	 feeding),	cod	 inversion	states	as	 factors	with	





changes	 between	 feeding	 and	 spawning	 season	 depended	 on	 in-
version	 state,	 (b)	 between	 season	 and	 body	 size	 because	 smaller	
fish	might	not	be	sexually	mature	and	 therefore	not	participate	 in	
spawning,	 and	 (c)	 between	 season	 and	 sex	 because	 spawning	 be-
haviour	 can	 differ	 between	 females	 and	 males,	 where	 males	 are	
known	to	defend	territories	associated	with	seafloor	features	during	
the	spawning	season	(Meager	et	al.,	2009,	2012).	Three	behavioural	
traits	 were	 analysed	 in	 separate	 models:	 (a)	 monthly	 home	 range	





Next,	 we	 used	 the	 Lande–Arnold	 linear	 regression	 approach	
(Lande	&	Arnold,	1983)	to	model	fitness	as	relative	longevity	(days	











tion	 (Burnham	&	Anderson,	1998).	 In	 a	 two-step	process,	we	 first	





3.1 | Genomic variation and population 
relationships
Genomic	variation	and	 relationships	among	all	 sampled	specimens	
(Figure	1a)	 were	 explored	 using	multivariate	 and	 clustering	 analy-
ses,	 as	well	 as	 phylogenetic	methods.	 Applying	 PCA	 revealed	 the	
largest	differentiation	to	be	found	between	the	eastern	Baltic	Sea	
(BOR)	and	all	other	samples,	while	the	second	largest	variation	was	
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private	 cluster	 (Figure	1b,	 fjord).	 Three	 TVE	 specimens	 were	 also	
placed	within	the	western	Baltic	cluster,	one	within	the	Norwegian	
coastal	 cluster,	 and	 some	 individuals	 (N	=	18)	were	distributed	be-
tween	the	main	clusters	on	PC2	and	could	not	be	clearly	assigned	
to	a	particular	cluster	 (referred	to	as	“intermediate”	 in	Section	3.3,	
see	 also	 Supporting	 Information	 Table	 S2).	 Hierarchical	 exclusion	
of	 the	most	 differentiated	 clusters	 (BOR,	 NOR,	 LOW),	 as	 well	 as	
separate	analyses	of	the	TVE	specimens	and	the	North	Sea	cluster,	
respectively,	confirmed	this	overall	pattern	of	population	differen-







western	Baltic	 and	Norwegian	 coastal	 samples	 appeared	 admixed	
(Supporting	Information	Figure	S2a–c).
To	 obtain	 estimates	 of	 between-population	 relationships,	 we	




a	North	 Sea-type	 termed	 TVEn	 according	 to	 their	 position	 in	 the	
PCA	(Figure	1c	inset,	Supporting	Information	Table	S2).	As	a	closely	
related	 outgroup,	we	 chose	 five	 Atlantic	 cod	 specimens	 from	 the	
western	North	Atlantic	(Twillingate,	Canada;	CAN),	which	were	iden-
tified	as	a	 sister	population	 to	our	eastern	North	Atlantic	 samples	






other	 for	 the	North	Sea	populations	 (NOR,	LOW),	which	 included	
the	 North	 Sea-type	 TVE	 individuals	 (TVEn).	 Relative	 divergence	
times	indicate	that	the	eastern	Baltic	Sea	population	is	evolutionarily	
older	than	the	TVEf	and	the	western	Baltic	populations.	Relative	ef-
fective	 population	 sizes	 are	 larger	 in	 the	North	 Sea	 (θ	=	1.14)	 and	
western	 Baltic	 (θ	=	1.43,	 KIE;	 and	 1.34,	 ORE)	 than	 in	 the	 eastern	
Baltic	 Sea	 (θ	=	0.04)	 and	within	 the	TVEf	 cod	 (θ	=	0.52;	Figure	1c).	
Alternative	 topologies	 indicate	 topological	 uncertainty	 due	 to	 in-
complete	 lineage	sorting	or	existing	gene	flow	between	the	North	
Sea	populations	and	the	Baltic	populations	(Figure	1c).
3.2 | Barriers to gene flow in the genomic landscape
Our	population	genomic	analyses	described	the	spatial	and	tem-




barriers	 to	 restrict	 gene	 flow	 between	 these	 groups,	 we	 per-
formed	genome	scans	testing	for	LD	and	differentiation.	We	iden-
tified	 three	previously	 described	 large	 regions	 of	 strong	 LD	 and	
high	 interpopulation	divergence	on	LG	02,	07,	and	12	(Figure	2a,	
see	 Supporting	 Information	 Figure	 S4	 for	 all	 chromosomes	 and	
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measurements).	 Besides	 these	 three	 regions,	 no	 other	 large	 re-
gions	 of	 elevated	 LD	 accompanied	 by	 genetic	 divergence	 indi-
cating	 chromosomal	 rearrangements	 were	 detected.	 However,	
several	genome-wide	distributed	differentiation	peaks,	 including	
a	 117-kb	 region	 on	 LG16	 (15,467,682–15,584,985)	 showing	 no	
signs	 of	 strong	 LD,	 but	 consistently	 high	 FST	 (>	0.6,	 Supporting	
Information	Figure	 S5),	 indicate	 the	 existence	of	 further	 smaller	
regions	of	fjord-type	divergence.	Fixed	SNPs,	commonly	observed	
between	diverging	species,	were	not	detected	among	 the	TVEn,	
TVEf	 and	 KIE	 individuals.	 As	 regions	 of	 tightly	 linked	 loci	 have	
been	 proposed	 as	 promoters	 of	 divergence	 in	 sympatric	 popu-
lations	 (Feder,	 Egan,	&	Nosil,	 2012),	 SNPs	within	 the	 three	 high	
LD	regions	were	extracted	and	the	inversion	state	for	all	regions,	
specimens,	and	populations,	as	well	as	their	evolutionary	relation-
ships	 were	 analysed.	 Applying	 PCA	 segregated	 specimens	 into	
three	 clusters	 on	 the	 first	 principal	 component	 axis	 (Figure	2b),	
visualizing	the	bi-allelic	nature	of	the	inversions	in	which	homozy-
gous	individuals	occurred	in	two	groups,	with	heterozygous	indi-
viduals	 located	as	 intermediate,	 irrespective	of	sampling	site.	On	
the	second	axis,	the	ancestral	arrangement	showed	relatively	 lit-
tle	divergence	between	populations	(except	for	the	eastern	Baltic	
specimens	 on	 LG07),	 whereas	 higher	 divergence	 was	 observed	
between	 individuals	 carrying	 the	 inverted	 arrangement.	 Similar	
to	the	whole-genome	analysis,	the	arrangements	of	TVE	individu-
als	clustered	with	either	North	Sea	or	western	Baltic	 individuals,	
as	well	 as	within	 a	 private	 cluster	 for	 the	 inversion	 on	 LG02.	 A	
phylogenetic	approach	 revealed	 that	 these	TVE	 individuals	 form	
a	monophyletic	group,	which	was	well	separated	from	the	eastern	
Baltic	 individuals	 (Figure	2c).	All	of	 these	TVE	 individuals	belong	
to	 the	 fjord-type	 (TVEf).	 Similarly,	 TVEf	 individuals	were	mostly	
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recovered	within	shared	or	neighbouring	clades	for	the	ancestral	
and	 inverted	arrangements	of	 the	 inverted	 regions	on	LG07	and	
LG12.	In	contrast,	TVEf	individuals	were	recovered	well	dispersed	





as	 in	TVEn	 (p	<	0.01),	 and	an	overrepresentation	of	 the	 inverted	
LG02	arrangement	in	BOR	(p	<	0.001)	as	well	as	in	TVEf	(p	<	0.01)	
(Figure	2d,	Supporting	Information	Table	S3).	On	LG07,	the	ances-
tral	 arrangement	was	 also	 found	 to	 be	overrepresented	 in	 LOW	
(p	<	0.01),	whereas	the	 inverted	arrangement	on	LG12	was	over-
represented	 in	 NOR	 (p	<	0.01)	 and	 AVE	 (p	<	0.001).	 For	 TVEf,	
we	 also	 observed	 an	 overrepresentation	 of	 the	 inverted	 LG07	







pendently,	 and	 all	 but	 three	 of	 the	 27	 possible	 combinations	 of	
homozygous	 ancestral,	 heterozygous	 and	 homozygous	 inverted	
arrangements	 on	 the	 three	 LGs	 were	 present.	 The	 nonsampled	







Several	 genome-wide	 distributed	 differentiation	 peaks	 not	








within	 a	 region	 of	 5,000	bp	 up-	 or	 downstream	 from	 the	 genes’	
coding	 sequence.	 GO	 enrichment	 analyses	 of	 the	 detected	 genes	
identified	 12	 significantly	 enriched	GO	 terms	 (p	<	0.05);	 however,	
none	of	these	remained	significant	after	FDR	correction	(Supporting	
Information	Table	S5).









(Table	1,	Figure	3a,	 see	Supporting	 Information	Figure	S7	 for	 indi-
vidual	raw	values).	A	simplified	model	excluding	the	LG07	inversion	
factor,	as	well	as	a	more	complex	model	 including	an	effect	of	the	
TA B L E  1  Comparison	of	linear	mixed	models	for	predicting	
Atlantic	cod	behaviour	(home	range,	mean	depth,	and	diel	vertical	
migration),	showing	the	structure	and	Akaike	information	criterion	













 HR = S′LG07 + S′L 1,677.0
 HR = S′L 1,677.3



















 DVM = S′L + S′GS 4,499.1
Note.	The	most	parsimonious	model	selected	for	 inference	 is	shown	in	
bold.
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effects	 of	 genotype,	 either	 as	 part	 of	 a	 two-way	 interaction	with	
season	or	as	a	simple	additive	effect	on	home	range	(p	>	0.50).
3.3.2 | Mean depth during daytime
A	 mixed	 effects	 model	 supported	 two-way	 interaction	 effects	
between	 body	 size	 and	 season,	 as	well	 as	 sex	 and	 season	 on	 cod	
mean	 depth	 use	 during	 daytime	 (Table	1,	 Figure	3b).	 Alternative	
models	including	inversion	state	had	little	support	(Table	1).	Smaller	
cod	 tended	 to	 occupy	deeper	waters	 during	 the	 spawning	 season	
compared	to	 larger	cod	(Table	2,	Figure	3b).	On	average,	males	oc-
cupied	 deeper	waters	 compared	 to	 females.	During	 the	 spawning	
season,	 females	 shifted	 to	 somewhat	 shallower	 depths	 while	 this	
effect	 was	 the	 opposite	 for	 males	 (Table	2,	 Figure	3b).	 A	 total	 of	
23%	of	the	variation	in	mean	depth	use	was	associated	with	fish	ID	
(among-individual	variance),	while	the	fixed	effects	explained	9%	of	














pared	 to	 larger	 fish	and	maintained	 this	movement	pattern	during	
both	feeding	and	spawning	seasons	(Table	2,	Figure	3c).	In	contrast,	
larger	fish	only	performed	noticeable	diel	vertical	migrations	during	
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the	feeding	season.	On	average,	females	displayed	more	extensive	
diel	 vertical	 migrations	 compared	 to	 males,	 especially	 during	 the	
spawning	season	where	males	showed	signs	of	a	reversed	migration	














survival	was	 explained	 by	 the	 selected	model.	 Alternative	models	
including	an	effect	of	 the	LG02	and	LG07	 inversion	states	as	well	
as	sex	 received	 little	support	 (Table	3).	Predicted	cod	survival	was	
lower	for	cod	having	the	inverted	LG12	arrangement	and	was	also	




SE	=	0.11,	p	=	0.013,	 Figure	3d).	 A	 total	 of	 15%	of	 the	 variation	 in	
survival	was	explained	by	the	selected	genotype	model.
4  | DISCUSSION

















Home range model Par SE p‐Value
Intercept −3.018 0.221 <0.001
LG07het 0.054 0.104 0.606
LG07inv −0.368 0.238 0.125
Body	length 0.014 0.005 0.006
Seasonspawning −0.308 0.246 0.212
LG07het	×	Seasonspawning −0.098 0.112 0.383
LG07inv	×	Seasonspawning 0.557 0.24 0.02
Body	length	×	Seasonspawning 0.019 0.005 <0.001
Mean depth model
Intercept 14.759 2.073 <0.001
Body	length 0.015 0.043 0.735
Seasonspawning 3.694 2.343 0.115
Sexmale 1.264 0.893 0.161
Body	length	×	Seasonspawning −0.135 0.047 0.004
Sexmale	×	Seasonspawning 6.541 0.969 <0.001
Diel vertical migration model
Intercept 7.18 1.125 <0.001
Body	length −0.082 0.023 0.001
Seasonspawning 2.55 1.287 0.048
Sexmale −0.404 0.485 0.408
Body	length	×	Seasonspawning −0.063 0.026 0.016
Sexmale	×	Seasonspawning −4.071 0.532 <0.001
Note.	Het:	heterozygous;	inv:	inverted.
TA B L E  3  Comparison	of	linear	models	for	predicting	Atlantic	
cod	survival	(S),	showing	the	structure	and	Akaike	information	
criterion	(AIC)	of	each	model.	Inversion	state	(LG02, LG07 and LG12)	
and	genetically	determined	sex	(GS)	were	included	as	factors,	while	
body	length	(L)	was	included	as	a	linear	covariate





HR = LG12 + L 44.5
HR = LG12 44.8
HR = L 47.7
Note.	The	most	parsimonious	model	selected	for	 inference	 is	shown	in	
bold.





Cod survival Par SE p‐Value
Intercept 0.702 0.211 0.002
LG12het 0.070 0.087 0.421
LG12inv −0.372 0.160 0.024
Body	length. 0.007 0.004 0.140
Note.	Het:	heterozygous;	inv:	inverted.




4.1 | Temporally stable sympatric occurrence of 





are	 associated	 with	 the	 adjacent	 Atlantic	 cod	 populations	 in	 the	
North	Sea	and	the	western	Baltic	Sea,	while	the	third	forms	a	dis-
tinct	unit	that	was	only	detected	within	the	fjord	(Figure	1b).	Several	
observations	 suggest	 that	 this	 community	 structure	 is	 temporally	
stable.	 First,	 all	 three	 types	 were	 sampled	 from	 two	 consecutive	
years.	Moreover,	our	behavioural	data	showed	that	only	six	out	of	
the	70	tagged	cod	permanently	 left	 the	fjord	during	their	 tracking	
period	(~18	months)	within	the	4-year	study	period,	suggesting	that	
the	different	cod	types	do	not	just	visit	the	fjord	occasionally	during	






patric	 spawning	 is	 supported	 through	 the	 shared	 spawning	period	
for	North	Sea	and	western	Baltic	cod	from	January	to	April	(Hüssy,	
2011;	Neat	et	al.,	2014),	the	occurrence	of	North	Sea,	western	Baltic	
and	 fjord-type	 adult	 cod	 in	 spawning	 condition	 in	 other	 southern	

















Two	 questions	 then	 arise:	Which	 barriers	 limit	 gene	 flow	 be-
tween	 sympatric	 cod	 types	 and	 maintain	 genetic	 differentiation?	
How	does	genetic	exchange	between	North	Sea	and	western	Baltic-
type	 cod	 in	 the	 fjords	 with	 the	 respective	 offshore	 populations	
occur?	Our	phylogenetic	relationships	showed	that	the	fjord	(TVEf)	
and	North	Sea-type	(TVEn)	appear	in	two	different	well-supported	





to	 random	 or	 nonrandom	 dispersal,	 driven,	 for	 example,	 by	 habi-
tat	matching	due	 to	 similar	habitats	of	 reduced	salinity	 (Edelaar	&	
Bolnick,	2012).	These	data	support	a	scenario	of	either	recent	(sym-
patric)	 divergence,	 or	 of	 allopatric	 divergence	 and	 secondary	 con-
tact	with	(a)	insufficient	time	for	homogenization	or	with	(b)	reduced	
gene	 flow	 between	 fjord-type	 (TVEf)	 with	 North	 Sea	 (TVEn)	 and	
western	Baltic-type	cod.	The	latter	is	possibly	due	to	the	presence	of	
reproductive	barriers,	while	genetic	exchange	among	oceanic	pop-







4.2 | Frequency shifts of inversions do not fully 
explain differentiation of Atlantic cod types
Chromosomal	inversions	can	promote	divergence	through	the	sup-
pression	 of	 recombination	 (Kirkpatrick	 &	 Barton,	 2006),	 and	 nu-
merous	 investigations	 in	 several	 organisms	 such	 as	 insects	 (Ayala,	
Guerrero,	&	Kirkpatrick,	2013;	Lohse	et	al.,	2015)	and	plants	(Lowry	
&	Willis,	 2010;	 Twyford	 &	 Friedman,	 2015),	 but	 also	 fish	 (Fan	 &	
Meyer,	2014;	Jones	et	al.,	2012;	Kirubakaran	et	al.,	2016)	have	de-
scribed	 a	 central	 role	 of	 inversions	 in	 divergence	with	 gene	 flow.	










Genetic	 characterization	 of	 the	 inversions	 revealed	 frequency	
shifts	of	the	ancestral	and	inverted	arrangements	between	TVEf	and	
TVEn	and	bi-allelic	segregation,	in	which	the	ancestral	arrangement	
shows	 less	 divergence	 among	 populations	 than	 the	 inverted	 ar-
rangement	(Figure	2b).	Such	bi-allelic	segregation	can	be	attributed	




phylogenetic	 analyses	 revealed	 population-specific	 clustering	 of	
the	 ancestral	 and	 inverted	 arrangements	 of	 fjord-type	 cod	 (TVEf)	
on	LG07	and	12,	but	not	on	LG02	 (Figure	2c),	 suggesting	 that	 the	
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rier	 to	gene	flow	through	the	 fitness	advantage	of	 individuals	car-




provide	 adaptive	 value	 in	 fjord	 environments	 (Barth,	 Berg,	 et	al.,	
2017).	 Furthermore,	 temperature	 adaptations	 through	 physiolog-
ical	 adjustments	 and	oxygen	 consumption	 (Grenchik,	Donelson,	&	
Munday,	 2012)	may	 be	 important	 properties	 in	 the	 fjord	 environ-
ment,	which	 is	characterized	by	stable	and	stratified	temperatures	





inverted	 region	 on	 LG12	 showed	 no	 significant	 enrichment,	while	
in	 the	 inversion	on	LG02	genes	 involved	 in	DNA/chromatin	 struc-
turing	 were	 found	 to	 be	 significantly	 enriched,	 and	 the	 inversion	
on	 LG07	 showed	 a	 significant	 enrichment	 of	 genes	 in	 signalling	
and	metabolic	 processes	 (Barney	 et	al.,	 2017).	 Adaptive	 genes	 re-
siding	 in	 inversions	have	also	been	described	 in	other	 species,	 for	
















addition,	 extrinsic	 postzygotic	 barriers	 where	 hybrids	 are	 unfit	 in	




Table	4)	 may	 indicate	 immigrant	 inviability	 (Nosil,	 Vines,	 &	 Funk,	
2005)	 and	 selection	 against	North	 Sea	migrants,	which	were	 also	
shown	to	have	an	overrepresentation	of	the	LG12	inverted	arrange-
ment	(Figure	2d).
Although	 frequency	 shifts	 of	 the	 inverted	 arrangement	 indi-
cate	adaptive	properties,	and	individuals	homozygous	for	the	LG12	
inversion	 showed	 lower	 fitness	 in	 the	 fjord	 environment,	 the	 lack	
of	 fixed	 inverted	 arrangements	 implies	 that	 the	 inversions	 are	not	
purely	diagnostic	 for	genotype	 fate.	This	 is	 in	 contrast	 to	 the	high	
degree	 of	 fixation	 of	 the	 LG01	 inversion	 in	Northeast	 Arctic	 cod,	

















required	 to	 maintain	 a	 barrier	 to	 gene	 flow	 (Davey	 et	al.,	 2017),	
and	 large-effect	alleles	that	are	persisting	gene	flow	could	also	be	
















strong	 enough,	 leading	 to	 maladapted	 intermediate	 genotypes	




scans	 (Supporting	 Information	 Figure	 S4).	No	 significant	GO	 term	
enrichment	was	 found,	 but	 predicted	 gene	models	 underlying	 the	
candidate	 loci	 included	various	genes	associated	with	 functions	 in	





2011);	 and	 the	 phosphatidylethanolamine	 N-methyl	 transferase	
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(PEMT)	 gene	 located	 on	 LG18,	 which	 is	 involved	 in	 synthesizing	






Lastly,	 a	 nitric	 oxide	 (NO)	binding	 gene	 (THAP4)	 located	on	 LG08,	
possibly	acting	as	an	NO-dependent	sensor	and	transcriptional	reg-
ulator	 (Bianchetti,	 Bingman,	 &	 Phillips,	 2011),	 was	 identified.	 The	
conversion	of	nitrite	to	NO	has	been	shown	to	occur	 in	fish	under	




mensely	 polygenic	 (Lamichhaney	 et	al.,	 2012)	 and	 associated	with	
10-	 to	200-kb	haplotype	blocks	 that	are	unlikely	 to	be	 inversions,	
but	instead	predicted	to	have	evolved	through	the	accumulation	of	















ifications	 and	 the	 subsequent	 differential	 expression	of	 genes	 (i.e.,	
plastic	responses),	making	them	more	difficult	 to	detect	 in	genome	
analyses	(Ledon-Rettig,	Richards,	&	Martin,	2013;	Reusch,	2014).
4.3 | Behavioural differences between Atlantic cod 
types suggest the existence of additional barriers
Behavioural	 differences	 that	may	 act	 as	 barriers	 to	 gene	 flow	 in-
clude	spawning	habitat	preferences	 (ecological	or	 spatial	 isolation,	
i.e.,	allopatric	 reproduction),	 temporal	 isolation	 (e.g.,	differences	 in	




have	been	described	and	discussed	 to	be	 involved	 in	 fitness,	 local	
adaptation,	and	population	divergence.
Our	 main	 behavioural	 findings	 showed	 that	 fjord-type	 (TVEf)	
cod	utilize	generally	deeper	habitats	within	the	fjord	as	compared	to	
North	Sea-type	(TVEn)	cod	(Figure	3).	Differences	in	habitat	use	may	
lead	 to	a	minimization	of	encounters	 among	 the	cod	 types,	which	
could	create	a	prezygotic	barrier	to	gene	flow	during	the	spawning	
season	 through	 allopatric	 reproduction.	 Contrasting	 use	 of	 differ-
ent	habitat	depths	 is	 also	known	 from	 the	 recently	diverged	 sym-
patric	species	pair	of	Pundamilia	cichlids	 (Meier,	Marques,	Wagner,	
Excoffier,	&	Seehausen,	2018;	Meier	et	al.,	2017),	while	 in	Atlantic	
cod	 so	 far	 only	 temporal	 differences	 in	 spawning	 ground	 usage	
among	populations	have	been	described	(Hüssy,	2011;	Hüssy	et	al.,	






have	 been	 described	 (Fevolden,	 Westgaard,	 Pedersen,	 &	 Præbel,	
2012).	However,	the	degree	to	which	the	differences	detected	here	
contribute	to	reproductive	isolation	and	represent	a	barrier	to	gene	
flow	cannot	be	unequivocally	 determined	due	 to	overlap	 in	 space	
and	 habitat	 use.	 Moreover,	 limited	 spatial	 resolution	 of	 acoustic	
telemetry	makes	it	difficult	to	locate	the	individuals	at	the	scale	at	








Behavioural	differences	between	cod	 types	during	 the	 spawn-
ing	period	might	also	be	an	indication	for	assortative	mating	where	
alike	individuals	mate	with	their	kind,	leading	to	reduced	gene	flow	
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freshwater	 layer	 and	 saline	water	 underneath	where	 salinity	 in-
creases	with	depth,	but	oxygen	decreases	 (Ciannelli	et	al.,	2010;	
Halvorsen,	 2013).	 Water	 temperature	 is	 generally	 more	 stable	
and	 stratified	 in	 the	 fjord	 as	 compared	 to	 outer	 coastal	 or	 oce-
anic	areas,	with	deeper	layers	inside	the	fjord	being	comparatively	





















Isolating	 barriers	 to	 gene	 flow	 are	 best	 studied	 in	 differentiated	
populations	 that	 occur	 in	 sympatry,	 where	 such	 barriers	 actively	
prevent	 admixture.	 Here,	 we	 demonstrate	 extensive	 evidence	 for	
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